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Abstract. Tactile sensor is indispensable in prosthesis for object manipulation.
This study presented a novel tactile sensor based on the conductive micro-wires
that can measure the normal and shear forces. The developed sensor consists of
four layers, from bottom to top are the substrate supporting, polyimide based
matrix circuit, micro-wire based sensing, and top surface bump layers,
respectively. To improve the sensing performance, structural dimensions were
optimized. According to the optimization results, analytical models and finite
element analysis (FEA) were conducted to study the normal and shear force
sensing performance of the sensor. To develop the tactile sensor, the carbon-
black based conductive polymer was firstly fabricated, and then the conductive
micro-wires were manufactured by using the method of micro-contact printing
(UCP). The results demonstrate that the machined micro-wires have dimensions
of 250 pm in width and 50 um in height.
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1 Introduction

The tremendous development of the prosthesis has proposed great demands for high-
sensitivity flexible tactile sensors. Tactile sensor that capable of normal and shear
force measuring is indispensable in prosthesis for object manipulation. To manipulate
object, gentle touch is a very important function to determine whether the prosthesis
get in touch with some object or not. With a high-sensitive tactile sensor, the
prosthesis can perceive the environment as the skin of human being, which will
largely improve the performance of gentle touch and tactile sensitivity.

So far, several kinds of tactile sensors have been developed with the sensing
principles of piezoresistive [1-3], capacitive [4-5], piezoelectric [6-7], optical [8], etc.
Organic field-effect transistors (OFETs), due to its flexibility and high sensitivity,
have been preferred by researchers to develop flexible tactile sensor [9-11], especially
with nano-wires field-effect transistors (NW FETs) [12] to amplify the sensing
signals. In addition, there exist tactile sensor that compose of two sensing layers,
which are capacitive layer to detect gentle touch and piezoresistive layer to detect
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common static force [13]. These studies have proposed many useful ways to increase
the sensitivity of tactile sensor, but there still exists some problems to be solved, such
as the flexibility. And the sensitivity of tactile sensor needs to be improved more to
achieve better performance of the prosthesis.

Taking advantage of high sensitivity of the conductive micro-wires, this paper
presented a micro-wire based tactile sensor to measure the normal and shear force.
Structural optimization was conducted to improve the sensing performance. Then,
analytical models and FEA were conducted to study the normal and shear forces
measuring behavior. This was followed by the manufacture of the carbon-black based
polymers. The conducted micro-wires were fabricated by the method of uCP [13-15].
Finally, the results and conclusions were conducted, respectively.

2 Design of the Tactile Sensor

As shown in Fig. 1, the designed tactile sensor mainly consists of four layers:
substrate supporting layer, polyimide based matrix circuits layer, conductive micro-
wires sensing layer, and top surface bump layer. One sensing element consists of four
arrayed micro-wires with the substrate made of PDMS at 10:1 of monomer to curing
agent, and laminated by a thin polyimide film, on which the matrix circuits are
deposited by magnetron sputtering. The conductive micro-wires generated on the
matrix circuits can measure the normal and shear forces. The total view of the tactile
sensor is shown in Fig. 2, and the force applied on the surface of the bump can be
decomposed into Fx, Fy, and Fz in x, y, z axis respectively.
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- /Matrix circuits
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Fig. 1.Sensing layers of tactile sensor Fig. 2. Total view of the tactile sensor

The original state of the tactile sensor is shown in Fig. 3(a). When applying the
normal force on the top surface bump, four micro-wires arrays will be compressed
uniformly as shown in Fig. 3(b), which induces the decreasing of the resistivity of the
micro-wires, thus can measure the normal force. When applying the shear force, two
micro-wires arrays on the left side are stretched and the other two arrays on the right
side are compressed, which lead to the increasing and decreasing of the resistivity of
the micro-wires, respectively, as shown in Fig. 3(c).
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Fig. 3. Force sensing principle of the tactile sensor: (a) original state, (b) normal, and (c) shear
force

3 Optimization and Modeling of the Tactile Sensor

To improve the sensing performance, structural dimensions of the tactile sensor need
to be optimized. And according to the optimal dimensions, analytical models and
finite element analysis (FEA) need to be conducted to establish relationship between
the external force that applied on the tactile sensor and the forces that acting on the
micro-wires.

3.1 Optimization of the Bump of the Tactile Sensor

The external forces are directly applied on the top surface bump, thus the dimensions
of the surface bump are critical to the sensing performance of the tactile sensor. As
shown in Fig. 2, one element of the tactile sensor is designed with dimension of 2 mm
x 2 mm and with height of 0.36 mm. The bump is designed with height of 0.7 mm,
the top square surface with dimensions of 0.82 mm x 0.82 mm. Totally, we can get
dimensions L/ = L2 = 2 mm, L3 = 0.82 mm, HI = 0.36 mm, H2 = 0.7 mm. The
dimensions of the bottom surface bump L4 (as shown in Fig. 2) need to be optimized
to increase the sensing performance of the sensor.

To optimize the surface bump geometry, FEA was conducted to find out an optimal
I4 as shown in Fig. 2 using ANSYS software. With the optimal bump geometry, the
micro-wires will be deformed largest when applying the same force, which means that
the micro-wires are more sensitive to the force. The material properties values used in
FEA model had been obtained by stretching and compression tests, as shown in
Table. 1.

Fig. 4(a) and (b) show the average deformation in z direction of the micro-wires
varies with the L4 of the bump when applying 0.5 N normal force in z direction and
0.5 N shear force in x direction, respectively. The deformation of the micro-wires
increases as the L4 of the bump increase and reaches a peak value and then decrease.
For the normal force, the peak value occurs at 1.3 mm (Fig. 4(a)), while for the shear
force, the maximum deformation of the micro-wires I, IIl, and II, IV (Fig. 5(b))
occurs at I4 = 1.2 mm (Fig. 4(b)). When L4 of the bump is at small value, the
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deformation of the micro-wires is mainly concentrated on the central area. As L4
increase, the surface bump becomes larger, making the micro-wires receive less force
and lead to a smaller average deformation. Thus, the peak value of the average
deformation occurs at the optimal L4 of the bump. From Figs. 4(a) and (b), the
optimal L4 of the bump equals 1.2 mm or 1.3 mm. In the following sections, L4 that
equals 1.2 mm will be adopted.

Table 1. Material properties used for FEA

Material Young’s modulus(Mpa) Poisson’s ratio
PDMS(7.5:1) 2.90 0.49
PDMS(10:1) 1.97 0.49
PDMS(20:1) 0.55 0.49
Polyimide 3500 0.34
Conductive micro-wires 2.90 0.49
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Fig. 4. Dimension effects of the bump on the micro-wires deformation

3.2  Analytical Modeling of the Tactile Sensor

To measure the changes of the resistance of the micro-wires when the external force
applied, analytical models need to be developed. Assuming the force is applied on the
top surface of the bump, the force can be decomposed into three components: Fx, Fy ,
and Fz in x, y, and z directions, respectively, as shown in Fig. 5(a). F1 , F2, F3, and
F4 are the forces acting on each of the micro-wires I, II, III, IV. Figs. 5(b) — (d) show
the force component acting on each of the micro-wires when applying Fx, Fy , and Fz
separately. Fy;, F;, and F,; (j=1, 2, 3, 4) are the forces acting on the micro-wires when
applying Fx, Fy , and Fz respectively.
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Fig. 5. Force distribution of the micro-wires when applying (a) 3D force, (b) Fx in x axis, (c) Fy
in y axis and (d) Fz in z axis

As applying Fx, micro-wires I and III feature the same deformation, and micro-
wires II and IV feature the same deformation as shown in Fig. 5(b). As applying Fy,
micro-wires I and II feature the same deformation, and micro-wires III and IV feature
the same deformation as shown in Fig. 5(c). And when applying Fz, micro-wires I, II,
II1, and IV feature the same deformation. Consider that the deformations of the tactile
sensor are small, the tactile sensor can be considered as deforming linearly, so it can
be inferred that there exists a linear relation between the force applied on the bump
and the force acting on the micro-wires. So the following equations can be assumed:

Fxl:Fx3:lex
Fyp=Fp=kiFy
Fx2=Fx4=krFx (1)

F,v3:F,v4:deY
le=F2=Fz3=Fz4=kaFZ

Z

where k;, k., kr, ka, k. are coefficients that are assumed and to be calculated
though FEA.
According to the force superposition, Eq. 2 can be obtained:

FoytFytF=F, 2

where j =1, 2, 3, 4.
The relationship of the forces that acting on the micro-wires and their deformations
can be expressed as:

Fu=Fu=Fy=E-eS=E-900.s 3)

where i = 1, 2, 3, 4; E is the Young’s modulus of the micro-wires; € is the average
strain of the micro-wires; S is the top surface area of one array of the micro-wires; 1 is
the height of the micro-wires; dpgr is the deformation in z direction of the micro-wires.

To obtain the relationship between Fi (i = 1, 2, 3, 4) and Fx, Fy, Fz , FEA were
conducted to calculate the coefficients k, k, k,, k; and k,. When normal force in z
direction and shear force in x direction applied separately as shown in Fig. 5(b) and
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Fig. 6. Force effects on the deformation of the micro-wires

(d), the deformations of the micro-wires are shown in Fig. 6. As the normal force
increase, four micro-wires arrays deform linearly with the increasing of the normal
force as shown in Fig. 6(a). From Fig. 6(b), micro-wires II and IV are compressed and
micro-wires I and III are stretched, and they both deform linearly with the increasing
of the shear force.

In this FEA, E =3 MPa, § =0.15 mmz, and / = 100 pm. And the slope of the line in
Fig. 6(a) can be expressed as follows according to Egs. (1) and (3):

M:M:1_922 4)
F, E-S

So k, can be calculated from Eq. (4). In the same way, from Fig. 6(b) and Eqgs. (1)
and (3), &, k., k., k; can be obtained as follows:

ko =0.008649
k; =0.02057
k. =0.01340 (5)
k,=0.01340
ka =0.02057

From Egs. (1) — (5), the following expressions can be obtained:

_F1—F

Fe= 000717
_F3—F

Fy 0.00717 ©)
:l.535F2—F3

0 0.004628

where F;, F,, F; are the forces acting on micro-wires I, II, III.
From Eq. 6, the relationship between Fi (i=1, 2, 3, 4) and the force applied on the
bump are developed. But we can notice that F, do not appear in Eq. (6), that’s
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because three arrays of micro-wires are already enough to calculate the force applied
on the bump, and for the fourth micro-wires, its deformation can be used to increase
the accuracy of the force measurement. The relation between Fi (i=1, 2, 3, 4) and
resistance of the micro-wires can be linear in our designed range and it will not be
discussed here. By measuring the Fi (i=1, 2, 3, 4) on each micro-wire array, the
normal and shear forces can be calculated by using Eq. 6.

4 Fabrication of the Conductive Micro-wires

Nano-wires used in the tactile sensor have high sensitivity [12]. It can be inferred that
if the conductive wires scale down to micron or even nanometer, they represent high
sensitivity. Thus, the conductive micro-wires with high sensitivity are critical
component of the designed tactile sensor. How to fabricate micro-wires that is as
small as possible is challenging. This paper presents a pCP method [14-16] to
fabricate the micro-wires.

Fig. 7. Micro-wires fabricated on the slide glass

The fabrication process is as follows: 1) the carbon black with diameter of 30 nm
were dispersed in toluene solution at 1:15 weight ratio, and magnetically stirred for 2
hours; 2) ultrasonic dispersion for 3 minutes to make the carbon black disperse more
uniformly in toluene solution; 3) PDMS base polymer was added into toluene at 1:3
weight ratio, 4) these two solutions were mixed together and placed on magnetic
stirring instrument (75 °C) to evaporate the toluene completely, forming the liquid-
state conductive polymer nano-composites; 5) the composite was spin coated on a
silicon wafer; 6) a micro-wires patterned mold was placed on the composite thin layer
for 10 seconds before lifting the mold up, leaving a thin layer of nano-composites on
the patterns of the mold; 7) the mold was then stamped onto a slide glass to transfer
the nano-composite pattern, forming the arrays of micro-wires on the slide glass; 8)
then place the slide glass in the oven to cure the micro-wires at 80 °C for 3 hours.
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The fabricated micro-wires are shown in Fig. 7, the width and height of the micro-
wires are 250 um and 50 pm, respectively. Electrical characteristics will be tested in
the future work.

5 Conclusions and Future Works

This paper presented a novel micro-wires based tactile sensor and pCP method to
fabricate the micro-wires. The four micro-wires arrays using as the sensing element
can measure the normal and shear force. To increase the sensing performance of the
tactile sensor, the top surface bump geometries were optimized by using the FEA
modeling. The optimal dimensions of the bump are 1.2 mm side length and 0.7 mm
height. Based on the optimal surface bump, analytical models for the tactile sensor to
measure the normal and shear forces were developed. The results show that the tactile
sensor can measure the applied forces by measuring the resistance changes of the four
micro-wires. To fabricate the micro-wires, pCP method and its fabrication process
were proposed, the manufactured micro-wires features width of 250 pm and height of
50 pm. Conclusion can be drawn that micro-wire array based tactile sensor is feasible
and can measure the normal and shear forces.

Future work will be to characterize the conductive ability of the micro-wires and
sensing performance of the tactile sensor. Smaller micro-wires will be fabricated to
achieve a higher sensitivity and utilized as the sensing element to develop a tactile
Sensor.
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